Future information technology demands ultimately fast, low-loss quantum control. Intense light fields have facilitated important milestones, such as inducing novel states of matter 1-3 , accelerating electrons ballistically 4-7 , or coherently flipping the valley pseudospin 8 . These dynamics leave unique signatures, such as characteristic bandgaps or high-order harmonic radiation. The fastest and least dissipative way of switching the technologically most important quantum attribute -the spin -between two states separated by a potential barrier is to trigger an all-coherent precession. Pioneering experiments and theory with picosecond electric and magnetic fields have suggested this possibility 9-11 , yet observing the actual dynamics has remained out of reach. Here, we show that terahertz (1 THz = 10 12 Hz) electromagnetic pulses allow coherent navigation of spins over a potential barrier and we reveal the corresponding temporal and spectral fingerprints. This goal is achieved by coupling spins in antiferromagnetic TmFeO3 with the locally enhanced THz electric field of custom-tailored antennas. Within their duration of 1 ps, the intense THz pulses abruptly change the magnetic anisotropy and trigger a large-amplitude ballistic spin motion. A characteristic phase flip, an asymmetric splitting of the magnon resonance, and a long-lived offset of the Faraday signal are hallmarks of coherent spin switching into adjacent potential minima, in agreement with a numerical simulation. The switchable spin states can be selected by an external magnetic bias. The low dissipation and the antenna's sub-wavelength spatial definition could facilitate scalable spin devices operating at THz rates.
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The lowest theoretical limit of energy dissipation for manipulating one bit of information is defined by the Landauer principle 12 as Q = kBT ln2, where T is the temperature and kB denotes the Boltzmann constant. This can be seen as a result of inelastic scattering of a quasiparticle of energy Q, such as a collective spin excitation, called a magnon. At or below room temperature, Q is of the order of meV, which by the uncertainty principle entails picosecond time scales for minimally dissipative switching.
Thus, precessional switching 10, 13, 14 triggered by a single-cycle THz pulse with meV photon energies and sub-picosecond duration promises ultimately fast and least-dissipative magnetic control.
Experimentally, ultrafast spin control has come a long way [15] [16] [17] from the discovery of subpicosecond laser-induced spin dynamics 18 to all-optical non-thermal recording 19 . Understanding strongly nonequilibrium spin dynamics triggered by THz pulses, however, is still in its infancy. In antiferromagnets, magnons feature resonance energies in the meV range 20 and can be directly addressed by the magnetic field component of intense THz pulses [21] [22] [23] . Since the underlying Zeeman interaction is relatively weak, magnetic field amplitudes, which allow for a complete spin reversal have only been reached in linear accelerators 9 , where the spin dynamics have not been accessible on the intrinsic femtosecond scale. Also spin transfer torques mediated by THz-driven electric currents have induced switching of antiferromagnetic domains, yet without ultrafast temporal resolution 24 .
Conversely, electromagnons and the more universal coupling of crystal-field split electronic transitions or coherent phonons with the magnetic anisotropy field have allowed the electric THz field component to drive large-amplitude magnons, observed directly in the time domain 22, 25, 26 . The available THz peak electric field of 1 MV cm -1 , however, has limited the maximum spin excursion far below critical values needed for a complete spin reversal. Meanwhile, the near-field enhancement in customtailored antenna structures has been exploited to sculpt atomically strong THz waveforms, sufficient to drive non-perturbative nonlinearities, such as THz-induced phase transitions 27 and interband Zener tunnelling, with subdiffractional spatial definition 28 . Such enhancement of the electric field has not yet been utilized for coherent spin control.
Here we combine the advantages of electric-field induced anisotropy changes in an antiferromagnet with the local near-field enhancement of metal antennas. We ballistically steer spins over potential barriers to achieve THz-driven switching between stable states while these dynamics are observed 3 directly on the femtosecond scale. The experiments are performed in high-quality single crystals of the model antiferromagnet TmFeO3. The antiferromagnetically ordered Fe 3+ spins are slightly canted by the Dzyaloshinskii-Moriya interaction, resulting in a net ferromagnetic moment. As the magnetic anisotropy depends on temperature 26 , the spins undergo reorientation phase transitions at T1 = 80 K and T2 = 90 K.
The anisotropy may also be modified by THz electric dipole transitions between crystal field-split states of the electronic ground state of the Tm 3+ ions, the angular momenta of which are coupled with the Fe 3+ spins by exchange and dipolar interactions 29 . Our idea is to abruptly change the magnetic anisotropy by sufficiently strong THz pulses causing the spins to switch fully ballistically.
We fabricate custom-tailored bowtie antennas of gold (feed gap, 3.5 µm) onto a 60-µm-thick single crystal of TmFeO3 (Extended Data Figure 1 ) to bypass the diffraction limit and maximize the achievable THz amplitude. The design was guided by numerical finite-difference frequency-domain simulations optimizing the near-field enhancement at a frequency of 0.65 THz (see Methods), which is resonant with crystal field-split ground state transitions in Tm 3+ . In a pump-probe scheme ( Fig. 1a) , an intense THz transient with tuneable far-field amplitudes of up to ETHz = 1.0 MV cm -1 (see Methods) excites the structure from the TmFeO3 back side. The ensuing spin dynamics are probed via the polarisation rotation, θ, imprinted on a co-propagating femtosecond near-infrared pulse (wavelength, 807 nm; pulse duration, 33 fs) by the Faraday effect and magnetic linear dichroism. Our quantitative simulation shows that, for the strongest electro-optically detected THz waveform, the near-field of the antenna, ENF, readily exceeds 9 MV cm -1 in the centre of the gap (Fig. 1b) .
To test the efficiency of the antenna, we compare the magneto-optical signal induced in TmFeO3 in the transition phase (T = 83 K) with and without the near-field antenna, as a function of the pumpprobe delay time, t. In the absence of an antenna, a THz pulse with an amplitude of ETHz = 1.0 MV cm -1 abruptly sets off coherent magnon oscillations, which decay exponentially within 40 ps ( Fig. 1c , black curve). The signal consists of a superposition of two frequency components centred at 0.09 THz and 0.82 THz (inset of Fig. 1c ) -the quasi-ferromagnetic (q-fm) and the quasi-antiferromagnetic (q-afm) mode 26 , respectively. The maximum rotation angle of the probe polarisation of 0.5 mrad corresponds to a magnetisation deflection by 3.5° (see Methods). In contrast, we observe a qualitatively different response when the probe pulse is positioned in the centre of the antenna feed gap. Here a polarisation 4 rotation as high as 0.9 mrad is reached for a much weaker THz far-field of ETHz = 0.4 MV cm -1 (Fig. 1c , blue curve). In addition, the relative spectral amplitude of the q-fm mode is significantly enhanced, whereas the amplitude of the q-afm mode is suppressed. This behaviour is expected since the q-fm mode is excited by the antenna-enhanced THz electric field component, whereas the q-afm magnon can only be launched by Zeeman coupling to the THz magnetic field 26 , which is not enhanced in the feed gap.
The amplitude of the q-fm magnon is remarkably high given that the field enhancement is spatially confined to the evanescent near-field region (depth, ~13 µm) whereas the magneto-optical signal in the antenna-free case ( Fig. 1c , black curve) originates from the entire thickness (60 µm) of the TmFeO3 substrate. A rough estimate (see Methods) shows that the spins in the antenna gap need to undergo a rotation by as much as 24° in order to explain the observed signal strength. Hence, a further increase of the incident THz field may be able to cause complete spin switching. Figure 2a shows the ultrafast polarisation rotation probed in the feed gap, for various far-field THz amplitudes between ETHz = 0.15 MV cm -1 and 1.0 MV cm -1 . For the lowest field, the spin dynamics resembles the q-fm precession sampled in the unstructured crystal ( Fig. 1c , black curve). For increasing fields, the oscillation amplitude grows. When the incident THz field exceeds ETHz = 0.75 MV cm -1 , a qualitatively new behaviour emerges. The period of the first full cycle of the magnetisation oscillation is distinctly stretched (see vertical dashed line in Fig. 2a ) while a pronounced beating feature occurs in the coherent polarisation rotation signal, seen during 25 ps < t < 35 ps. Simultaneously, a long-lived offset of the Faraday signal develops ( Fig. 2b , red shaded area). In the frequency domain ( Fig. 2c ), these novel dynamics are associated with an asymmetric splitting of the q-fm magnon resonance superimposed on a broad spectral distribution, somewhat reminiscent of the spectral fingerprint of carrierwave Rabi oscillations 30 . The long-lived offset ( Fig. 2b ) manifests itself in a dc spectral component, A0 THz, which grows more rapidly for ETHz > 0.75 MV cm -1 ( Fig. 2d and Extended Data Figure 2 ). We will show next that the stretching of the first oscillation cycle, the beating of the Faraday signal, and the spectral splitting of the magnon resonance are hallmarks of all-coherent non-perturbative spin trajectories between adjacent minima of the magnetic potential energy, whereas the long-lived offset directly reads out the switched spin state.
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The dynamics can best be understood by starting out with the magnetic structure of TmFeO3 ( Fig. 3a ). The slight canting between the magnetisations M1 and M2 of the two antiferromagnetic sublattices causes a weak ferromagnetic moment F = M1 + M2 in the x-z-plane. The antiferromagnetic vector G = M1 -M2 encloses an angle φ with the x-axis. In the Γ24 transition phase (T1 < T < T2), φ shifts continuously between 0° and 90° as the magnetic potential W(φ) changes with the thermal population of the Tm 3+ crystal field-split states 26 . W(φ) features four intrinsically degenerate minima. To ensure that the pump-probe experiment starts with the same equilibrium spin orientation angle φ0 for every laser shot, we apply a weak external magnetic field Bext = 100 mT (see Methods).
When the intense THz near-field excites the Tm 3+ ions, it abruptly modifies W(φ), shifting both the position, φ0, and the depth of the potential minimum ( Fig. 3b , inset). These non-adiabatic changes give rise to a displacive and an impulsive anisotropy torque, which initiate coherent magnetisation dynamics as described by the generalized sine-Gordon equation (see Methods). Figure 3b illustrates two typical spin trajectories. For a peak near-field of ENF = 6 MV cm -1 , the spins carry out a coherent oscillation about φ0. A field of ENF = 10 MV cm -1 , in contrast, allows the spins to overcome the potential barrier at t = 3.4 ps, and relax into a new equilibrium position φ1, corresponding to a spin rotation by ~90°. While crossing the potential maximum the spins acquire a characteristic phase, which causes a retardation by ~180° with respect to spin oscillations in the initial potential minimum, seen at t = 9.7 ps ( Fig. 3b , red solid line). Once the spins have reached their maximum positive deflection they oscillate back, but do not overcome the potential barrier a second time because of damping. They rather stay within the new minimum and, in a strongly anharmonic motion, accumulate more phase retardation such that the red and blue trajectories in Fig. 3b oscillate in phase again, around t ≈ 25 ps.
To link these dynamics with the measured polarisation rotation, we calculate the expected Faraday signal by projecting the ferromagnetic moment F(φ) onto the wave vector of the near-infrared probe pulse, kNIR (see Fig. 3a ). By superimposing the contributions of the two spin trajectories in Fig. 3b , the pronounced beating feature (t ≈ 25 ps) can be associated with the phase slip occurring during spin switching (see Extended Data Figure 3 ). For a quantitative analysis, we combine our calculation of the near-field induced by the experimental THz wave with a numerical solution of the local generalized 6 sine-Gordon equation (see Methods). We then weigh the locally induced Faraday signal by the intensity distribution of the probe beam and sum all the microscopic contributions from the probed volume. Figure 3c shows the calculated polarisation rotations, θ , for ETHz = 0.4 MV cm -1 and 1.0 MV cm -1 (fit parameters, see Methods). All experimental features are quantitatively reproduced, including the quasimonochromatic magnon oscillation, for low fields (Fig. 3c , blue curve), as well as the phase retardation of the first magnon oscillation period and the pronounced beating at t ≈ 25 ps, at large THz fields ( Fig. 3c, red curve) . Moreover, the model unambiguously connects the asymmetric splitting of the q-fm resonance and the broad low-frequency components ( Fig. 3d) to THz-driven all-coherent spin switching.
The calculation also confirms that the switched spins can be directly read out. As seen in Fig. 2d, increasing ETHz leads to a long-lived signal offset. This is caused by two distinct mechanisms: (i) THz excitation of Tm 3+ ions slightly shifts the position of the potential minimum ( Fig. 3b , inset). (ii) A transfer of spins over the barrier can also change the net magneto-optical signal if kNIR is tilted out of the y-z-plane ( Fig. 3a) . Assuming a tilt angle of 1.25°, we can fit all measured transients in the time domain ( Fig. 2 ). For the corresponding fit parameters, A0 THz traces the experimental field scaling ( Fig. 2d ), including the slow increase below the switching threshold, ETHz > 0.75 MV cm -1 , and the steep slope above ( Fig. 3e , red spheres). In contrast, a calculation with identical fit parameters but a tilt angle of 0° yields a slow increase of A0 THz for all field strengths ( Fig. 3e , red circles). From this comparison we assign the slow increase to the shift of the potential minimum whereas the steep slope observed for finite tilt angles can be directly related to the spin transfer over the barrier.
Based on the microscopic understanding of the spin dynamics, we can shape the spin trajectory by tailoring the magnetic potential. As a first control parameter (see Extended Data Figure 4 ), we lower the temperature to T = 82.5 K, where the barrier height, w, is slightly increased (Fig. 4a ). Consequently, the switching dynamics are decelerated and the beating signature is delayed to t = 45 ps ( Fig. 4e, top curve) .
Meanwhile, the spectrum remains qualitatively similar (Fig. 4f , top curve). The barrier height can also be raised by rotating the external magnetic bias field, Bext, by an angle α = 15° about the optical axis ( Fig. 4b and Extended Data Figure 1 ), resulting in a shift of the beating feature to a delay of t = 55 ps ( Fig. 4e ). Thereby, the potential shoulder at φ = −115° is lowered ( Fig. 4b) , which enables largeamplitude oscillations throughout a slightly wider potential trough, causing a weak red-shift of the spectrum (Fig. 4f ). For α = 60° (Fig. 4c ), the dynamics are strongly altered (Figs. 4e, f). After the spins are driven up the potential barrier at φ = 0° during the first half cycle, the non-switching spins oscillate back through the wide potential minimum that is extended by the shoulder at φ = −115°. This results in a strong red-shift of the centre frequency to 50 GHz. On the potential shoulder, the projection F⋅kNIR drops below its initial value at φ0 (Extended Data Figure 5 ), leading to a transient negative offset of the The unprecedented phase slip, the asymmetric spectral splitting, and the long-lived offset in the magneto-optical response occurring above a well-defined threshold peak field are the fingerprints of ballistic spin switching, marking a novel regime of ultrafast all-coherent spin control throughout the entire phase space. In our specific implementation of a THz-driven anisotropy torque, the absorption of approximately one THz photon energy per spin suffices for switching whereas the energy dissipation within the spin system remains below 1 µeV per spin (see Methods). This scheme is, thus, highly scalable. Future storage devices could exploit the excellent spatial definition of antenna structures (Extended Data Figure 7 ) to switch magnetic bits of a diameter of 10 nm with THz energies of less than 1 attojoule. Owing to the absence of magnetic stray fields, these cells could be densely packed, similar to vortex core structures in ferromagnetic thin films 14 . The readout of the spin state could be combined with spintronic approaches 20, 24 . Such optimised antennas with nanoscale gaps providing field THz pulse using a fused silica window coated with indium tin oxide, and collinearly transmitted through the feed gap of the antenna structure to probe the magnetisation state. The polarisation rotation was measured by subsequent optics consisting of a half-wave plate, a Wollaston prism, and two balanced silicon photodiodes, read out by a lock-in amplifier. In order to calibrate the THz field amplitude in the sample focus, the focal diameter was determined by measuring the THz power transmitted through a circular aperture. The corresponding total energy was then calculated by time-integration of ETHz(t) 2 .
We estimate that the total uncertainty of the field amplitude amounts to 16%.
Estimate of the spin switching energy. The Poynting theorem dictates that the absorbed electromagnetic power density is given by
where is the effective current density describing dissipative processes in a material and is the oscillating electric field. The full energy absorbed per unit volume is therefore = .
(2)
By taking the Fourier transforms = ̃ and = ′ ′, where is the frequency, and substituting them into Eq. (2) we obtain
The current density is connected to the electric field by the effective conductivity " = #̃ $ so as
In the case of crystal-field split ground state transitions of TmFeO3 in the temperature interval between 
which can be rewritten in the time domain (compare Eqs. (2) and (3)) as
The absorbed energy density in the rare-earth system for a near-field THz transient with a peak electric field of 7.8 MV cm -1 , which exceeds the threshold for spin switching, is = 20 J cm -3 . TmFeO3 crystallises in a distorted perovskite structure with a unit cell volume of Vuc = 2.22 × 10 -28 m 3 (lattice constants, a = 525 pm, b = 557 pm, and c = 758 pm) (see Ref. 32 ), which contains 4 Fe 3+ spins. Thus, an upper bound for the absorbed energy in the rare-earth system per spin is given by 012 = × 4 56 7 = 7.15 meV, which is on the order of the energy of one THz photon. The dissipation by the spin system is even smaller: The energy required to overcome the potential barrier, separating two neighbouring potential minima (see Fig. 3b ), normalized by the number of spins in the switched volume is less than 1 µeV. This value can, thus, be regarded as an upper limit for the maximal energy dissipated by one spin upon switching. Calculation of spin dynamics. We adapted the previously derived formalism for THz-induced spin dynamics based on the generalized sine-Gordon equations for our high-field setting 26 . The vectorial spin orientation can be mapped onto the angle φ between the antiferromagnetic vector G and the x-axis (Fig. 3a) . The magnetic potential W(φ) of TmFeO3 is given by 26 : = ; sin : + ; sin 7 : − ? @ ? A B CD E .FG cos α cos : − E .FG sin -sin : − E KLM sin : ,
Estimate of the magnetisation deflection in the near
where N O = 2 × 10 5 Oe is the Dzyaloshinskii field, N $ = 2 × 10 7 Oe is the effective field of the d-d exchange, and B CD = 1000 e.m.u. cm -3 is the magnetisation of a single Fe 3+ sublattice 33 35 . The term f ∇ : accounts for the interaction between different magnetic domains of the sample, where C is the spin wave velocity that sets the maximal speed of a domain boundary. In the orthoferrites, C = 2 × 10 6 cm s -1 (see Ref. 36, 37) . One can see that, on the ~1 ps timescale of our experiment, the regions of the sample exposed to the THz fields of different strengths can be assumed to be practically non-interacting as the magnetic excitations travel a distance of 10 nm during this time. This distance is also much smaller than the characteristic spatial scale of the THz near-field of >1 µm. We therefore neglected the term f ∇ : in our numerical simulations.
The local dynamics of the spin deflection angle, φ, are calculated by solving equation (8) the experimentally detected polarisation rotation, θ, (see Fig. 3c ). In the non-perturbative regime, the actual spin trajectory depends sensitively on the exact location within the near-field region of the antenna. Yet the total magneto-optical response integrated over the entire near-field volume is fairly robust against minor field fluctuations. For our measurement with a far-field THz peak amplitude of ETHz = 0.4 MV cm -1 , we obtain the best agreement ( Fig. 3c , blue curve) using the experimentally determined spin dephasing rate γD = 45 GHz, as well as the following values: T /U /2ƒ = 88.7 GHz, n = 3.58 × 10 8 m 2 Ws -2 , and Γ = 2.49 × 10 -10 m 3 s. For a THz peak amplitude of ETHz = 1.0 MV cm -1 (Fig.   3c , red curve), we slightly adjust some of the parameters to T /U /2ƒ = 90.0 GHz, n = 1.02 × 10 8 m 2 Ws -2 , and Γ = 1.01 × 10 -10 m 3 s. Magnon-magnon scattering can effectively be accounted for by introducing a momentum dependent damping in the spin system. Extended Data Figure 9 shows the results of a switch-off analysis considering three scenarios including the full calculation (solid lines), only the displacive (dashed lines), and only the impulsive contribution (dasheddotted lines). Whereas for a field amplitude of ETHz = 0.4 MV cm -1 , the sum of displacive and impulsive contributions approximates the full calculation, the strong-field dynamics at ETHz = 1.0 MV cm -1 are only rendered correctly by the full calculation. In all cases, a purely displacive effect yields an exclusively positive magneto-optical signal and a non-zero signal offset, while the impulsive component is responsible for the strong oscillatory component.
